Electron microscopy was used to quantitate
blood-brain barrier (BBB) glucose transporters in new born, 14-day-old suckling, 28-day-old weanling, and adult rabbits. A rabbit polyclonal antiserum to a synthetic pep tide encoding the 13 C-terminal amino acids of the human erythrocyte glucose transporter (GLUT!) was labeled with lO-nm gold particle-secondary antibody conjugates and localized immunoreactive GLUTl molecules in rab bit brain capillary endothelia. Three distinct populations of brain capillary profiles were identified in newborn rab bits: prepatent capillary buds, partially patent capillaries with highly amplified luminal membranes, and patent cap illaries. Immunogold analyses indicated that the GLUTl transporter abundance positively correlated with capil lary developmental status. The mean number of gold par ticles per capillary profile increased at each developmen tal age examined, suggesting that developmental up regulation of the BBB glucose transporter occurred in rabbits. GLUTI immunoreactivity was three-to fourfold Facilitated diffusion glucose transporters are ubiquitously expressed in mammalian cells, and at least four members of this sodium-independent su pergene family have been identified by eDNA clon ing (Mueckler, 1990) . One of these isoforms, the so-called brain-type glucose transporter (GLUTl), is selectively localized to blood-brain barrier (BBB) capillaries Pardridge et greater on the abluminal than luminal capillary mem branes among all ages examined. Changes in the propor tions of GLUTI transporter were also seen, and possible reasons for the postnatal decrease in the percentage of cytoplasmic GLUTl transporter are discussed. The num bers of cytoplasmic and membrane-associated immu no gold particles increased with age. We conclude that regulatory modulations of BB glucose transport may be characterized by increases in BBB glucose trans porter density with age and state of development. In addition, modulation of glucose transporter activity may be reflected by minor postnatal shifts of GLUTl from cytoplasmic to membrane compartments, which can be demonstrated with quantitative immunogold electron microscopy. Key Words: Blood-brain barrier glucose transporter-Developmental up-regulation-GLUTl iso form-Luminal and abluminal membranes-Prepatent and patent capillaries-Subcellular immunogold localiza tion.
aI . , 1990) . Several in vitro analyses of fractionated brain tissue also report that this transporter is de velopmentally regulated, being more abundant in the adult than newborn rat (Morin et aI., 1988; Siv itz at al., 1989; Warner et aI., 1989; Devaskar et aI., 1991) and rabbit (Sadiq et aI., 1990; Dwyer and Par dridge, 1993) . Brightman (1977) has summarized the unique ul trastructural characteristics of the cerebral endo thelia. The postnatal changes seen in the developing rat BBB are described elsewhere (Caley and Max well, 1970; Wolff and Bar, 1972; Bar, 1978 Bar, , 1980 Goldstein, 1980, 1981; Gozes et aI., 1981; Zeisel et aI., 1981; Hicks et aI. , 1983; Saunders and Mollgard, 1984; Cornford, 1985; Robertson et aI., 1985; Lossinsky et aL, 1986; Vorbrodt et aL, 1986; Mooradian, 1988; Pardridge et aL, 1988; Keep ' and Jones, 1990) . Age-related changes have also been reported in morphometric studies of monkey (Burns et aL, 1981) and human (Hunziker et aL, 1978 (Hunziker et aL, , 1979 cortical capillaries. Translocation of other nutrients from blood to brain through these endothelial mem branes is facilitated by several different transport ers, but the most abundant is the glucose trans porter (Pardridge, 1983) . Developmental modula tions in vivo of this transporter are suggested in studies of rats (Cremer et aL, 1976 (Cremer et aL, , 1979 Daniel et aL, 1978; Fuglsang et aL, 1986) and rabbits (Braun et aL, 1980; Cornford et aL, 1982; Cornford and Cornford, 1986) . Consequently, the BBB glucose transporter appears to be an appropriate model for studies of developmental up-regulation.
It is generally accepted that blood-to-brain influx and brain-to-blood efflux of glucose are equal (or symmetrical) (Pappenheimer and Setchell, 1973; Pardridge and Oldendorf, 1975; Gjedde and Chris tensen, 1984; Cunningham et al. , 1986) . Study of this symmetry has been realized with the develop ment of specific antisera to glucose transporter iso forms or to peptide fragments of glucose transporter proteins; the subcellular distribution of glucose transporters can be identified (Gerhart et aL, 1989; Farrell and Pardridge, 1991) . In canine brain capil laries, Gerhart et aL (1989) reported a symmetrical distribution of GLUT! epitopes between the lumi nal and abluminal membranes. In contrast, Farrell and Pardridge (1991) reported an asymmetrical dis tribution of glucose transporter in rat brain capillar ies, with 12% of the immunoreactive GLUT! on the luminal endothelial membrane, 48% on the ablumi nal membrane, and 40% in the cytoplasmic com partment.
The present study employed immunogold elec tron microscopy to compare subcellular localization patterns of GLUT! in newborn (I-day), suckling (14-day), weanling (28-day), and adult rabbits. In vivo studies of glucose transporter function in new born rats and mice are difficult, whereas studies of BBB glucose transport in neonatal and adult rabbits (Cornford and Cornford, 1986) offer the ability to compare function and subcellular glucose trans porter localization. The primary objectives were (a) to determine if altered distribution of the BBB glu cose transporter was apparent in the developing brain capillary endothelia [where developmental up-regulation of the transporter has been reported (discussed above)] and (b) to examine possible spe cies-specific differences in luminal, abluminal, and cytoplasmic distributions of the BBB glucose trans porter.
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METHODS
Locally bred rabbits of either sex were used throughout this study. Prior approval was obtained from the appro priate institutional review boards. Newborn «24 h old), 14-day-old suckling, 28-day-old weanling, and adult rab bits were delivered directly from the supplier (Universal Animal Care, Bloomington, CA, U.S.A.) on the day of use. Rabbits were weighed and anesthetized by intramus cular injection of ketamine-xylazine. Developing rabbits received 140-160 mg/kg ketamine (Aveco Co., Fort Dodge, lA, U.S.A.) and 1.5-2.5 mg/kg xylazine (Mobey Corp., Shawnee, KS, U.S.A.), and adult rabbits 75-100 mg/kg ketamine with 3-7 mg/kg xylazine. The toe reflex was unresponsive to pressure.
Antiserum preparation
A synthetic peptide corresponding to the 13 amino ac ids at the C-terminus of the human erythrocyte glucose transporter (GLUTl) was prepared (Haspel et al., 1988) in the UCLA Peptide Synthesis Laboratory, and its amino acid composition was confirmed. A rabbit poly clonal antiserum to this synthetic carboxy-terminal pep tide was prepared as described by Pardridge et al. (1990) and designated anti-CT. The GLUTl carboxy-terminal peptide Glu-Glu-Leu-Phe-His-Pro-Leu-Gly Ala-Asp-Ser-Glu-Val is identical in human (Haspel et al., 1988) and rabbit (Asano et al., 1988) . In addition, comparison of this pep tide structure with other known proteins in gene libraries (National Biomedical Reference Foundation and Euro pean Molecular Biology Library) indicated 100% homol ogy in rat, rabbit, mouse, and pig glucose transporter C-terminus proteins, consistent with the concept that the GLUTl isoform is highly conserved across different spe cies. Furthermore, the peptide has no significant homol ogies «70%) to any known proteins in these gene librar ies. Previous studies have demonstrated that the rabbit anti-CT we prepared would identify the human erythro cyte glucose transporter, purified from freshly isolated human red cells using the method of Baldwin and Lien hard (1989) in Western blot analyses of the human glucose transporter.
Perfusion fixation
Rabbits were anesthetized with ketamine-xylazine and perfusion-fixed as described by Farrell and Pardridge (1991) for immunogold localization studies. For each age studied (1, 14, 28, and 80 days old), two rabbit brains were perfusion-fixed and samples from the parietal corti ces processed in parallel on the same day. The perfusate contained 2% paraformaldehyde in 0.01 % glutaraldehyde, 0.9% NaCl, and 0.08 mg/ml CaCl2 in 0.01 M sodium phos phate buffer. Higher concentrations of glutaraldehyde compromise antigenic localization (Farrell and Pardridge, 1991) . The brains were then dissected and prepared as described by Farrell and Pardridge (1991) .
Immunogold labeling
The antiserum against the 13 amino acids at the C-ter minus (anti-CT) and the preimmune serum were both used at a dilution of 1 :600 in 0.01 M sodium phosphate (pH 7.4)/0.15 M NaCI/O.I% gelatinl1% bovine serum al-bumin (buffer A). Initially the sections were hydrated in buffer A and then incubated for 30 min at room temper ature with 2.5% (wt/vol) ovalbumin and 2.5% (vol/vol) normal goat serum in buffer A. All antisera and preim mune or goat sera were filtered through Millipore GV filters. Grids were then incubated overnight at 4°C on drops of primary antiserum and the sections were washed for six 10-min periods on large drops of filtered buffer A, followed by incubation for 2 h at room temperature in a 1 :40 dilution of lO-nm gold particle-conjugated goat anti rabbit immunoglobulin antiserum (Auroprobe EM GARIO) diluted in buffer A, followed by washing for six lO-min periods on large drops of phosphate-buffered sa line. The grids were then fixed for 5 min in 1% glutaral dehyde in 0.1 M Na2HP04 (pH 7.4), rinsed with distilled water, stained with 2% (wt/vol) aqueous osmium tetrox ide for 10 min, rinsed with filtered water, stained with 2% (wt/vol) aqueous uranyl acetate for 30 min, rinsed with distilled water, and air-dried. At least four blocks were prepared for sectioning from each parietal cortex. The immunogold staining of grids was performed in parallel with preimmune serum. Grids were examined in a JEOL electron microscope at 80 kV. After examination in the electron microscope, some grids were stained for 2 min with Reynolds' lead citrate (1963) , rinsed with distilled water, and reexamined for comparisons of gold distribu tion and localization with and without lead staining.
Quantitation
Grids were scanned at x 14,000 in the electron micro scope and photographically enlarged to x38,OOO. Immu nogold particles were counted at magnifications of x2-5. The luminal and abluminal membranes were distin guished by the differential density of the microvessel lu men, endothelial cytoplasm, and neuropil. Lead citrate staining enhanced the resolution of the basement mem brane and abluminal membrane.
The membrane distribution was quantified by measur ing the membrane lengths and cytoplasmic areas by dig itizing the luminal and abluminal perimeters of the endo thelial cells in the microvessel profiles using a Sigma Scan image analyzer (Jandel Scientific, Corte Madera, CA, U.S.A.). From electron micrographs of 197 capillaries, a total of 184 complete microvessel profiles (containing >20 immunogold particles/profile) were analyzed; each profile contained 25-30 fLm of endothelial membrane cir cumference. Gold particles were also counted on an ad ditional 48 capillary profiles (newborn, suckling, wean ling, and adult) that had been exposed to immunogold conjugated preimmune serum. At each age, a minimum of four capillary profiles from four different grids were pre pared. Sample sizes given in Table 1 vary because addi tional capillary profiles were obtained when sections were stained with lead citrate and reexamined.
For each profile, luminal area and luminal membrane length were measured, along with abluminal membrane length and the total area within the abluminal membrane. Visualization of the abluminal membrane was difficult when the basement membrane was absent between the pericyte and endothelium, but independent analyses by two individuals resulted in consistent estimates of the pa rameters studied. Expression of immunogold particles in cytoplasmic and membrane compartments as a percent age of the total number per profile (Farrell and Pardridge, 1991) normalizes for the variation in the number of par ticles observed between different profiles from the same section, as well as variation between different specimen blocks and ages. Estimates of the cytoplasmic thickness and total endothelial thickness were geometrically deter mined from area measurements as described by Liwnicz et al. (1990) and assumed the capillary profiles were cir cular. For each age group of capillary profiles, means ± SD of these parameters were calculated and recorded. Statistically significant differences between means and standard deviations were evaluated by the analysis-of variance procedure of Scheffe using BMDP Program 7D (BMDP Statistical Software, Los Angeles, CA, U.S.A.).
RESULTS

Capillary analyses
In the newborn rabbit brain, capillary profiles could be generally categorized into one of three dif ferent types on the basis of the size (area) of the lumen, the cytoplasmic area, and the degree of sur face amplification suggested by folding of the lumi nal membrane. These three types are briefly de scribed as follows: (a) Prepatent capillary buds were easily identified in cross-sectional profiles by their extremely small lumen and their thickened capillary cytoplasm. The cytoplasmic surface area was three-to fivefold greater than the luminal area. In addition, comparison of the circumferences indi cated the length of the luminal membrane was sig nificantly less (10%) than that of the abluminal membrane. (b) Capillaries of intermediate patency had slightly enlarged lumina and their luminal mem branes were somewhat amplified with folds, chan nels, and villiform projections. The cytoplasmic area was one to two times greater than the cross sectional area of the lumen. The circumference of the luminal membrane typically approximated the abluminal membrane length. (c) Patent capillaries had a large lumen (always greater than the cytoplas mic surface area). The luminal membrane had a cir cumference �90% that of the abluminal circumfer ence, and it lacked extensive amplification. These profiles were similar to those seen in older animals. Table 1 summarizes the anatomical characteris tics of the capillary profiles observed at the differ ent ages. Mean luminal area showed dramatic in creases during the development of newborn capil laries from prepatent through patent stages. However, the capillary luminal areas remained more constant postnatally, not changing signifi cantly in comparisons of 14-day suckling, 28-day weanling, and adult rabbit brains. The cross sectional endothelial cytoplasmic areas decreased throughout development, as did the endothelial nu clear area (Table 1) . Changes in both luminal and abluminal membrane lengths were unremarkable.
Digital analyses of capillary profiles not only pro vided precise measurements of absolute parameters (such as membrane circumferences and areas of nu cleus or cytoplasm), but also permitted derivation of ratios that were indicators of developmental changes. For example, if one assumes capillary pro files are circular, the mean radii of the abluminal and luminal areas may be determined geometri cally, and average cytoplasmic thickness is esti mated by subtraction of the luminal from the ablu minal radius (Liwnicz et aI., 1990) . The mean ratio of circumferences (luminal membrane length/ abluminal membrane length) was smallest in pre patent capillaries, largest in intermediate neonatal capillaries, and remained -90% in patent capillaries at all ages examined (Table 1 ). Figure 1 demon strates the developmental changes observed for three other derived ratios: luminal membrane cir cumference/cytoplasmic area (f-lm -I), cytoplasmic area/luminal area, and mean cytoplasmic thickness (nm). The capillary luminal membrane circumfer ence/net cytoplasmic area ratio increased through out development, and significant differences were seen in comparing prepatent, intermediate, and pat ent I-day capillary profiles (Fig. lA) . The endothe lial cytoplasm area/lumen area ratio appeared to be inversely related to age. Differences between pre patent, intermediate, and patent I-day capillaries were significant, but patent (I-day) capillary pro files were not significantly different from those of other ages (Fig. lB) . Cytoplasmic thickness was in versely related to developmental status, and differ ences between prepatent I-day capillaries and other developmental stages were significant ( Fig. IC) .
Immunogold analyses
Immunogold GLUTl was seen to localize to the capillaries in newborn rabbit brain (Fig. 2) . In pre patent capillaries ( Fig. 2A ), immunoreactive trans porter was demonstrable in both the luminal ( 2F and 4 ) was also observed. Preim mune serum failed to localize gold particles to any specific region of the brain in all ages examined. No prepatent capillaries were observed in 14-day-old rabbit brains, although some profiles could be re garded as not yet fully patent. In weanling (28-day) rabbits, all capillaries observed were patent, and immunogold localization of the transporter was readily apparent. A representative capillary from a 70-day-old rabbit (Fig. 4) demonstrates increased immunoreactivity throughout the capillary profile; gold particles are absent in the lumen, but contained within the interface of the abluminal membrane and capillary basement membrane.
Variations in GLUTl immunoreactivity of capil lary profiles fr om the same region were observed at all ages. Although no formal analysis of variance was performed, at any age we observed more vari ation within profiles from the same piece of tissue than between different samples from the same cor tex. Immunoreactive GLUTl, as assessed by the total number of immunogold particles per endothe lial capillary profile, increased throughout develop ment; adult capillaries had significantly greater quantities than all of the younger ages examined (Table 2) . This was further exemplified by the age correlated increases in immunogold-Iocalized GLUTI per square micron of cytoplasm, I'er mi cron of abluminal membrane, and per micron of lu minal membrane. Note that within the three types of capillaries identified in the newborn, the number of gold particles is greatest in the prepatent capil laries, least in intermediate capillaries, and in- Also, 70-day capillaries are significantly dif ferent from 14 -day and all younger capillar ies (p < 0.05; analysis of variance by the method of Sheffa). B: inverse relationship between developmental status and cytoplas mic/luminal area ratio. Differences between 1-day prepatent (p < 0.01), and 1-day inter mediate (p < 0.01) capillary profiles and all other developmental stages are highly signif icant (p < 0.01). In contrast, patent 1-day capillaries are not significantly different from older capillaries, indicating that significant morphological differences exist between the population subgroups of 1-day capillaries. Sample sizes for A and B are indicated in Table 1 . C: inverse relationship between the mean cytoplasmic thickness (of capillary profiles containing a nucleus) and develop mental stage. Note that nonnucleated capil lary profiles (Table 1) show the same trend, but cellular thickness is reduced. Prepatent capillary profiles differ significantly from all others (p < 0.01). n = 10-15 for all ages ex cept 28-day capillaries, where n = 6. Vertical bars represent ±1 SO. creased slightly in patent capillaries. Further, when the relative cytoplasmic areas are considered, the number of gold particles increases from 4 to 6/flm 2 in neonatal capillary profiles and continues to in crease (>7/flm 2 ) throughout development (Table 2) . Changes in the distribution of GLUTl trans porter, within the endothelial cells, are shown in Fig. 5 . The cytoplasm of capillaries from newborn rabbits contains proportionally more immunogold than seen in suckling, weanling, or adult brain cap illaries. A complementary increase in the propor tion of immunogold in endothelial membranes (es pecially the abluminal membranes) is apparent in suckling, weanling, and adult brain capillaries. The number of immunogold particles per micron of ab luminal membrane was significantly (p < 0.05) lower in patent capillaries from I-day rabbit brains than in weanling or adult rabbits (Table 2) . Collec tively, the data suggest relocation of transporter protein from the cytoplasm to the endothelial mem branes during postnatal development of the rabbit
BBB.
The asymmetrical distribution of BBB GLUTl BRAIN CAPILLARY DEVELOPMENTAL STATUS transporter was also observed: Rabbit brain capil laries of all ages contained more immunogold on the abluminal than luminal membranes. The mean ab luminal/luminal ratios of transporter were 3. 8, 3.1, and 3.1 in newborn prepatent, intermediate, and patent capillaries, respectively; this ratio was lower in 14-day sucklings (2.7) and greater by threefold in weanling (3.8) and adult (3.3) capillaries. The effect of lead citrate staining on immunogold localization was examined in a series of sections that were stained after initial electron microscope examination of the capillary profiles. Lead counter staining had no significant effect on the immunogold localization patterns seen, as the mean number of gold particles per profile and the cytoplasmic and membrane distributions were essentially unchanged after exposure to lead (Table 3) . Small quantitative differences «2%) resulted from the facilitated iden tification of the abluminal and basement mem branes, due to the lead-enhanced contrast.
We observed immunogold particles in the endo thelial cell nuclei in the present study (Table 4 ). The density of immunogold in these nuclei was signifi- cantly greater than in the neuropil (Table 4 ) or with preimmune serum or in capillary lumina and prompted further independent analysis of capillary profiles containing a nucleus. In the prepatent and intermediate types of newborn capillaries, nuclear localized immunogold accounts for �30% of the to tal transporter, but it is relatively decreased (aver-aging �20%) in patent capillaries from rabbits of all other ages. In Fig. 5 , analysis of the proportions of GLUTl assumed a three-compartment (cytoplas mic, luminal, and abluminal membrane pools) model. Capillary profiles containing a nucleus were analyzed using a fourth compartment (the endothe lial nuclear pool of GLUTl). Similar results were observed with the two different models, but quan titative differences were apparent (see, for exam ple, the abluminallluminal ratios in Table 5 ). The trend of relative increases in the proportion of mem brane-associated GLUTl throughout development J Cereb Blood Flow Metab, Vol. 13, No.5, 1993 (Fig. 5) is exemplified by the increases seen in both luminal and abluminal densities (Table 2) and pro portions of transporter (Table 5 ). Increasing propor tions of cytoplasmic GLUTI were seen in compar ing prepatent, intermediate, and patent capillaries Values are means ± SD. a p < 0.0 1 compared with mean ± SD of (patent) 1-, 14-, and 28-day capillaries. b p <0.05 compared with 28-day capillaries.
of the neonatal brain, but the mean cytoplasmic proportion was reduced in suckling and weanling brain capillaries (Table 5 ). The asymmetrical distribution of immunoreactive GLUTl can be analyzed by several approaches. Probably the most conservative approach is to com pare the number of immunogold particles per mi cron on the luminal and abluminal capillary mem branes (Table 2 ). An alternative analysis is to com pare the immunogold proportions in cytoplasmic, abluminal, and luminal compartments and derive a measure of abluminalliuminal proportions (Fig. 5 ; Table 5 ). A third alternative is to assume that the GLUTl transporter apparently associated with the patent capillaries of the newborn brain or 14-day old sucklings, this ratio may be transiently reduced by 20% (Table 5) .
DISCUSSION
In the present study, quantitative immunogold electron microscopy of GLUTl in the developing rabbit brain demonstrated (a) numerical increases in luminal and abluminal capillary membrane immuno reactive transporter (Table 2) concomitant with capillary developmental status (1-70 days), (b) nu merically small but significant distributional alter ations in the capillary cytoplasmic and plasma membrane GLUTl proportions in (I-day-old) neo natal versus older rabbits, (c) the presence of GLUTl transporter in prepatent capillary buds (prior to active circulation), and (d) the apparent localization of small amounts of GLUTl in endo thelial cell nuclei. In addition, we confirm the pre vious report (Farrell and Pardridge, 1991) that GLUTl is asymmetrically distributed in brain cap illary endothelia; throughout all developmental states examined, a three-to fourfold greater abun dance of transporter was seen on the abluminal than on the luminal membranes of rabbit brain endothe lia. The fact that this ratio is observed prior to per fusion of the (prepatent) capillaries and maintained in all the developmental stages we examined per haps suggests that the asymmetric distribution of glucose transporter in the BBB may be typical in certain anesthetic or physiological conditions. Other studies of the gestational rat brain indicate that GLUTl is seen as early as the 12th embryonic day, concomitantly with the appearance of barrier capillary characteristics (Dermietzel et aI., 1992) .
In the canine brain, a symmetric luminal to ablu minal distribution of GLUTl epitopes was reported (Gerhart et aI., 1989) , whereas the present work suggests that the rabbit is similar to the rat, with asymmetric GLUTl immunoreactivity (Farrell and Pardridge, 1991) . Between 45 and 53% of the GLUTl was abluminal, 11-l3% luminal, and 34-44% cytoplasmic in the studies of Farrell and Par dridge (1991) . Dermietzel and Krause (1991) re ported that in rat brain capillaries 50% of the trans porter was abluminal, 36% luminal, and 14% cytoplasmic. A lower proportion of cytoplasmic epitopes (9%) was seen in the dog brain endothelia (Gerhart et aI., 1989) , and the reason for these dif ferences awaits further clarification. Mathematical modeling based on studies of BBB glucose transfer has also suggested the possibility that glucose trans porter activity in vivo may be asymmetric (Cun ningham et aI., 1986; Hargreaves et aI., 1986; Hawkins, 1986; Cremer et aI., 1988) .
Our analyses of capillaries indicate that there may be species-specific differences in BBB endo thelial morphology. The rabbit brain endothelial nu cleus is a prominent feature of many capillary pro files (see Figs. 2A, 2B, and 2E, 3A, and 4 ) and comparatively larger than in the rat (see, e.g., Caley and Maxwell, 1970) . Furthermore, in rat cortical capillaries the endothelial cell thickness is on the order of 100-200 nm (Farrell and Pardridge, 1991) compared with 300-500 nm in the adult rabbit (Fig.  1 C) and 600-700 nm in the human (Liwnicz et aI. , 1990) . The age-related decrease in rabbit brain cap illary wall thickness ( Fig. 1 C) is consistent with pre vious observations in the mouse (Wang et aI., 1992) , rat (Bar, 1980; Keep and Jones, 1990) , and monkey (Burns et aI., 1979) .
The luminal membrane length/abluminal mem brane length ratio was observed to remain relatively constant (�0. 90) over all of the developmental stages of endothelia examined, with the exception 3.8 ± 0.5 3.1 ± 0.6 3.1 ± 0.7 2.7 ± 0.6 3.8 ± 0.6 3.5 ± 0.5 (n = 12) (n = 44) (n = 34) (n = 34) (n = 14) (n = 35)
Values are means ± SD. a p < 0.0 1 compared with all I-day capillaries. b p < 0.05 compared with patent I-day capillaries.
C From data in Fig. 5 , where immunogold distribution between three compartments (luminal membrane , cytoplasm, and abluminal membrane) is analyzed. Note that the nadir is seen in I-day patent capillaries using four-compartment analysis, whereas the nadir shifts to the 14-day capillaries when the three-compartment analysis is employed.
of newly functioning capillaries. In these interme diate capillaries, this ratio often exceeded unity and averaged 0.96. This is attributable to an amplifica tion of the luminal membrane, preceding the elon gation and flattening of endothelial cells that occurs postnatally (Bar, 1980) . The fact that significant dif ferences in luminal area (Table 1) , luminal length/ cytoplasmic area, and cytoplasmic/luminal area ra tios (Fig. 1) were observed suggests (a) that these parameters are valid indicators of capillary devel opment and (b) that separate analyses of immu nogold distribution in prepatent, intermediate, and patent capillaries from newborn rabbits were sub stantiated.
The observation that the number of immunoreac tive gold particles per profile increases from new born to adult capillaries is consistent with the sug gestion that BBB glucose transport increases in comparison of newborn and adult rabbits (Cornford and Cornford, 1986) . It is generally accepted that altered brain glucose transport in vivo is attribut able to three transporter components: the V max' half-saturation constant, and diffusion component. The only, or primary, change was typically assigned to transport velocity, on the basis that this assump tion was the most conservative (Cremer et aI., 1983) . The maximal velocity is a function of (a) the number of transporter proteins on the BBB mem branes and (b) the activity or rate at which glucose is translocated through the membranes. Direct mea surement of the second parameter is difficult. How ever, the present study establishes that changes in the first parameter, transporter density, can be de tected using quantitative immunogold electron mi croscopy. Consequently, the decrease in cytoplas mic transporter and increase in the relative amounts of membrane-localizable GLUTl may be antici-pated where glucose transporter up-regulation oc curs postnatally.
In contrast to a report suggesting GLUTl is the functional transporter in glial cells (Bagley et aI., 1989) , more recent work indicates that the GLUTl isoform is selectively localized to the BBB and not present in the neuropil Pard ridge et aI., 1990; Farrell and Pardridge, 1991) . In the present rabbit studies, the quantity of immu nogold particles measured in the neuropil (at all ages examined) could not be distinguished from background. Furthermore, a similarly small quan tity of gold particles linked to preimmune serum were found in the pericyte/neuropil areas (Table 4) , consistent with no specific localization of GLUTl in the neuropil. While the identity of glucose trans porters functioning in the neuropil is not fully known, recent work indicates that the GLUT3 iso form can be localized to neurons (Nagamatsu et aI., 1992) .
The asymmetric distribution of GLUTl in rat brain capillaries (Farrell and Pardridge, 1991) par allels the observation of Orci et aI. (1990) that GLUT2 is asymmetrically distributed in rat pancre atic f3-cell microvillar and sinusoidal membranes. Farrell and Pardridge (1991) suggested that the asymmetric distribution of transporter, together with a significant pool of transporter in the cyto plasmic compartment, was consistent with trans porter recruitment, a mechanism postulated for acutely modulating BBB glucose transport (Cun ningham et aI., 1986; Hargreaves et aI., 1986; Hawkins, 1986; Cremer et aI., 1988) . The relocation of transporter from a cytoplasmic compartment to the luminal plasma membrane (the transporter re cruitment hypothesis) could produce a rapid up regulation of BBB glucose transport. Our observa-tion of numerically small reductions in the propor tion of BBB cytoplasmic GLUTl postnatally together with increased proportions of GLUTl in the membranes (Fig. 5 ; Table 2 ) might be likened to the transporter recruitment seen in insulin stimulated cells (Mueckler, 1990) and anoxic heart (Wheeler, 1988) .
Alternative explanations might be appropriate, since recruitment is thought to be an acute change occurring over short time periods. The enriched proportions of cytoplasmic GLUTI seen in new born capillaries (Fig. 5 ) may be related to the in creased vascularization known to occur 10-20 days postnatally (Bar, 1978; Keep and Jones, 1990) . This increased percentage of cytoplasmic GLUT1 in the newborn may also be a reflection of a relatively enlarged cytoplasmic compartment, as suggested by numerically reduced mean cytoplasmic area and thickness (Table 1 ; Fig. 1 ) seen in the suckling, weanling, and adult brain.
In quantitative measurements of BBB glucose transport, two basic mechanisms have been sug gested to account for up-and down-regulation of the transport process. One is that a greater or smaller number of capillaries is being perfused si multaneously, to alter the surface area available for transport, i.e. , capillary recruitment (Hawkins, 1986) . The other is that the number of glucose trans porters within the plasma membranes is adjusted up and down (Hargreaves et ai., 1986; Hawkins, 1986) , i. e., transporter recruitment. Cunningham et ai. (1986) considered the possibility that BBB glucose transport could be kinetically analyzed in terms of translocation through a single membrane or alterna tively via individual luminal and abluminal mem branes. Support for the double-membrane kinetic analysis came from two subsequent studies where tracer concentrations of 2-deoxyglucose were em ployed in the analysis of glucose transport in anes thetized and conscious animals (Hargreaves et ai., 1986) and in kainate-treated rats (Cremer et aI., 1988) . It was concluded that an increasing asymme try between the luminal and abluminal BBB mem brane permeability to glucose explained the meta bolic up-regulation observed. The mathematical modeling of brain glucose transport in modulated states (Cunningham et ai., 1986; Hargreaves et ai., 1986; Cremer et ai., 1988) predicted asymmetric dis tributions of capillary glucose transporter.
In the studies of Farrell and Pardridge (1991) , demonstrating increased proportions of immunore active GLUTl in abluminal membranes, the possi bility of asymmetric distribution resulting from per fusion fixation was considered. They showed simi lar distributions of immunogold particles in J Cereb Blood Flow Metab. Vol. 13, No.5, 1993 immersion-fixed and perfusion-fixed brain, ruling out the possibility of a fixation artifact. In the present work, we observed similar asymmetric pro portions of immunoreactive transporter in newborn prepatent and patent capillaries. If the observed re ductions in immunoreactive glucose transporter on the luminal membrane were a function of perfusion fixation, one would expect altered luminal! abluminal proportions in poorly perfused, prepatent capillaries. We observed no significant differences in the luminallabluminal ratios of prepatent and pat ent capillaries of I-day rabbits ( Table 5 ), suggesting that GLUTl is asymmetrically distributed (in the conditions we employed during fixation of brain capillaries) .
No conclusive explanation for the association of GLUTl with endothelial nuclei is available at this time. The nuclear density of gold particles bound to preimmune serum was slightly greater than immu nogold densities measured in the neuropil (Table 4 ). Synthesis of glucose transporter mRNA in the nu cleus may perhaps result in some translation occur ring within the cytosol close to the nuclear mem brane. Previous work also indicates that some non specific interaction between the nucleus and immunogold particles can occur (Bendayan et ai., 1980; Craig and Goodchild, 1982) , and this may ex plain the observations summarized in Table 4. 
